MEKK1 (MEK kinase 1) is a mammalian serine͞threonine kinase in the mitogen-activated protein kinase (MAPK) kinase kinase (MAPKKK) group (1) . Being the first mammalian homolog of STE11, a MAPKKK that activates the pheromone responsive MAPK cascade of budding yeast, MEKK1 as its name indicates was thought to be an activator of the MAPK kinase (MAPKK) MEK1͞2 and thus an activator of the ERK MAPK cascade. It therefore was rather surprising that titration experiments (2) or analysis of cells engineered to express MEKK1 from an inducible promoter (3) revealed that it is a far more potent activator of the JNK MAPK cascade. These observations made by using either the catalytic domain of MEKK1 (MEKK1⌬) or a 672-aa C-terminal fragment recently were confirmed by using full-length human MEKK1 (Y. Xia, Z. Wu, B. Su, B. Murray, and M.K., unpublished work). Most importantly, when different mammalian MAPKKs were examined in vitro or in vivo for phosphorylation and activation by MEKK1, a MAPKK called JNKK1 (MKK4 or SEK1), whose function is JNK (and p38 MAPK) activation (4) was found to be the preferred MEKK1 substrate (Y. Xia, Z. Wu, B. Su, B. Murray, and M.K., unpublished work). Based on specificity constants, MEKK1 phosphorylates JNKK1 45-fold more efficiently than it phosphorylates MEK1͞2 (Y. Xia, Z. Wu, B. Su, B. Murray, and M.K., unpublished work), thus providing a clear biochemical explanation for the marked pro-JNK bias of MEKK1. Targets for JNK include transcription factors c-Jun and ATF2, which are components of the AP-1 dimer that are involved in induction of the c-jun protooncogene (5). JNK-mediated phosphorylation enhances the transcriptional activity of both c-Jun and ATF2 (6, 7) . Correspondingly, MEKK1 expression plasmids are potent activators of a chimeric c-Jun-GAL4 transcription factor, in which the c-Jun activation domain is fused to the GAL4 DNA binding domain (8) . Overexpression of a catalytically inactive MEKK1(KM) mutant inhibits JNK activation by either epidermal growth factor (EGF) or tumor necrosis factor (TNF) (refs. 8 and 9 and Y. Xia, Z. Wu, B. Su, B. Murray, and M.K., unpublished work). This mutant was used to show that signals generated by occupancy of TNF type I receptor (TNF-RI) diverge downstream to the signaling proteins TRAF2 and RIP, which are recruited to TNF-RI, such that one pathway leads to JNK (and p38 MAPK) activation followed by stimulation of AP-1 activity and the other mediates NF-B activation (10, 11) (Fig. 1) . These experiments also demonstrated that NF-B activation protects cells against TNF-induced apoptosis, whereas JNK (and p38) activation does not affect programmed cell death either positively or negatively. Similar results were obtained by analysis of mice and cells deficient in the RelA(p65) subunit of NF-B (12, 13) .
In light of these findings, it was somewhat surprising that under different circumstances overexpression of MEKK1 was found to stimulate NF-B activity (14, 15) . NF-B is a dimeric transcription factor composed of Rel proteins whose activity is regulated through interaction with specific inhibitors, the IBs (16) (17) (18) . In response to cell stimulation the IBs are rapidly phosphorylated and then undergo ubiquitin-mediated proteolysis, resulting in the release of active NF-B dimers that translocate to the nucleus. Initially, the demonstration that MEKK1 overexpression leads to NF-B activation was based solely on the use of an NF-B transcriptional reporter. As there are ample examples for transcriptional synergy between AP-1 and NF-B (19, 20) , such results should be interpreted with caution. It is expected that a signaling pathway that enhances only AP-1 activity still may stimulate an NF-B-dependent promoter, even in the absence of overt AP-1 binding sites. Likewise, an AP-1-dependent promoter may respond to NF-B even in the absence of recognizable NF-B binding sites. In light of these limitations, a bigger surprise were the results of Lee et al. (21) who reported that addition of recombinant MEKK1⌬ to a partially enriched fraction of nonstimulated HeLa cells stimulated a protein kinase activity that phosphorylated IB␣ at serines (S) 32 and 36, sites that previously were shown to be phosphorylated in response to cell stimulation with TNF or interleukin 1 (IL-1). Phosphorylation at S32 and S36 results in polyubiquitination and degradation of IB␣ (22, 23) . Homologous phosphoacceptor sites are essential for the induced degradation of other IB proteins (23) . As activation of an IB kinase by MEKK1⌬ was demonstrated by using a rather crude fraction whose polypeptide composition was not described, the identity of this activity remained a mystery. In the meantime, two other groups working independently have succeeded in purifying an inducible IB kinase activity from extracts of TNF-stimulated HeLa or Jurkat cells (24, 25) . Extensive purification of that activity, named IKK, which elutes from gel filtration columns as a large complex with an apparent molecular mass of 700-900 kDa, revealed the presence of two polypeptides with molecular masses of 85 and 87 kDa that precisely coeluted with IB kinase activity. Microsequencing and molecular cloning revealed that these polypeptides are closely related protein kinases named IKK␣ (or IKK1) and IKK␤ (or IKK2), respectively (24) (25) (26) . IKK␣ and IKK␤ also were identified through a different approach, based on yeast two-hybrid screens, as proteins that interact with a MAPKKK called NIK (NF-B-inducing kinase) (27, 28) . NIK originally was identified as a TRAF2-interacting kinase whose overexpression results in potent NF-B activation (29) without any considerable effect on MAPKs, including JNK (30) . Therefore the observed interaction between NIK and the IKKs immediately suggested that NIK may be an upstream activator of IKK (Fig. 1) . Although the IKK complex is similar in size to the MEKK1⌬-responsive activity, the relationships between the two remained nebulous, and various attempts to stimulate IKK activity with modest amounts of MEKK1⌬ expression vector, that are sufficient for JNK activation, have failed (24) (D. Goeddel, personal communication). In addition, several reports indicating that NF-B transcriptional reporters are not stimulated by low to modest doses of MEKK1 (which are sufficient for JNK activation), while being highly responsive to co-transfected NIK, have appeared (30, 31) . However, in new work published in this issue of the Proceedings, Lee et al. (32) present evidence that the MEKK1⌬-responsive activity they previously identified is none other than the cytokine-responsive IKK. Furthermore, they suggest that MEKK1 may be a direct activator of IKK␣ and IKK␤.
That IKK activity is regulated through phosphorylation of some of its subunits previously was demonstrated by the use of protein phosphatase 2A (PP2A) catalytic subunit, whose incubation with purified IKK resulted in loss of IB kinase activity (24) . Furthermore, coexpression with NIK stimulates the kinase activity of transiently expressed IKK␣, which is also efficiently phosphorylated in vitro by NIK immunoprecipitates (33) . Although no specificity constants were determined, IKK␤ appears to be a relatively poor NIK substrate (33) . Analysis of the IKK␣ and IKK␤ protein sequences reveals several potential phosphoacceptor sites in a region conserved in all protein kinases, the T (or activation) loop, that resemble those that are used by MAPKKKs to activate MAPKKs (25) . Indirect evidence that these sites may be used to activate IKK␣ and IKK␤ was provided by site-directed mutagenesis (25, 33) , but so far these sites were not shown to be phosphorylated in TNF or IL-1 stimulated cells or be involved in cytokine-mediated IKK activation. Substitution of S176 in IKK␣ with alanine was found to decrease its phosphorylation and activation by NIK (33), whereas a dual substitution of S177 and S181 of IKK␤ with glutamic acid was reported to increase its catalytic activity (25) . The current work (32) shows that recombinant MEKK1⌬ can phosphorylate a synthetic peptide corresponding to the T loop of IKK␤ and that substitution of S177 and S181 with alanines reduces the extent of 32 P incorporation (32) . It also is shown that incubation of a partially purified preparation with MEKK1⌬ results in phosphorylation of two polypeptides whose sizes match those of IKK␣ and IKK␤ (32) . However, as these and similar experiments conducted with NIK have not been performed with fully purified proteins the results fall short of a conclusive demonstration that MEKK1 or NIK can directly phosphorylate and activate native IKK␣ and IKK␤. Nevertheless, the simplest interpretation of past and present results is that either of these MAPKKKs can activate IKK.
An important question, however, that is yet to be answered is which MAPKKKs are physiologically involved in IKK and NF-B activation and whether different NF-B-activating stimuli use the same MAPKKKs. It is also to be resolved whether MEKK1 acts exclusively on the JNK (and p38) to AP-1 pathway or whether it also is involved in IKK and NF-B activation. In this respect, it would be useful to compare whether the specificity constants for IKK␣ or IKK␤ phosphorylation by MEKK1 match the one for JNKK1, the most efficient and relevant MEKK1 substrate identified so far. Most groups who cotransfected varying amounts of truncated MEKK1 expression vectors with either a JNK reporter plasmid or an NF-B transcriptional reporter find that JNK activity is potently stimulated at low input levels whereas NF-B transcriptional activity is stimulated only by very high doses of MEKK1 (10, (30) (31) (32) . High doses of MEKK1 are known to have nonspecific effects (2) . Activation of a GAL4 transcriptional reporter by the c-Jun-GAL4 chimera and cotransfected MEKK1 parallels the stimulation of JNK activity (8, 34) , but a different AP-1 reporter containing multiple c-Jun:ATF2 binding sites is stimulated only by very high doses of MEKK1, similar to those required for stimulation of the NF-B reporter (32) . Although all groups seem to agree that cotransfection of a NIK expression vector has no effect on JNK activity, some find that it nevertheless can enhance AP-1 activity, albeit less efficiently than MEKK1 (31) . Currently it is hard to reconcile all of these results even if one invokes transcriptional synergy between AP-1 and NF-B. More puzzling differences are found when the abilities of MEKK1⌬ and NIK to activate NF-B and IKK are compared. All groups agree that MEKK1 is a much poorer activator of the NF-B transcriptional reporter than NIK is (30) (31) (32) . However, some find that MEKK1 and NIK expression plasmids have similar effects on the activity of transiently expressed IKK␣ (32) , and others find that NIK is a much more potent activator of IKK␣ than MEKK is, whereas IKK␤ is slightly more responsive to MEKK1 than to NIK (35) . A major difference between measuring the response of an NF-B transcriptional reporter to MEKK1 vs. activation of a transiently expressed epitope tagged IKK␣ or IKK␤ is that in the former case NF-B activation depends on stimulation of endogenous (physiological) IKK activity, whereas in the latter case the transiently overexpressed IKK subunit probably is not incorporated into the physiological IKK complex. In fact, protein purification and immunoprecipitation experiments strongly suggest that most of the IKK complexes are IKK␣:IKK␤ heterodimers plus additional subunits and that very little IKK␣ or IKK␤ homodimeric complexes exist (E. Zandi, D. Rothwarf, and M.K., unpublished results). It is important to express only small amounts of exogenous IKK␣ or IKK␤ to ensure their incorporation into the physiological 900-kDa IKK complex (26) . It is therefore safer to compare the abilities of NIK and MEKK1 to activate the endogenous IKK complex rather than the artificial IKK␣ or IKK␤ homodimers generated by transient overexpression. When such a comparison is performed, transient transfection of a NIK vector into 293 cells results in preferential activation of endogenous IKK whereas transfection of a full-length MEKK1 vector results in preferential JNK activation ( Fig. 2A) . However overexpression of NIK can lead to JNK activation whereas overexpression of MEKK1 can lead to IKK activation (Fig. 2B) . These results are in complete agreement with all published comparisons of the effect of these MAPKKKs on NF-B and AP-1 transcriptional reporters. Nevertheless, it should be realized that these results do not rule out the possibility that, although weak, MEKK1 may contribute to IKK activation nor do they prove that, although potent, NIK is a physiological NF-B activator. In addition these experiments highlight the potential pitfalls associated with overexpression of signaling proteins.
In addition to proinflammatory cytokines IKK activity is potently stimulated by the Tax transactivator protein of human T cell leukemia virus (HTLV) (36, 37) . This response leading to NF-B activation is likely to play a major role in the leukemogenic function of this virus. Like proinflammatory cytokines Tax was proposed to act either via MEKK1 (37) or NIK (36) . Although the strongest evidence in favor of MEKK1 as a target is based on its ability to physically interact with Tax (37), the pro-NIK evidence is based on genetic arguments (36). Uhlik et al. (36) isolated variants of the Jurkat T cell line that fail to activate NF-B in response to Tax. Although the basis for this defect currently is unknown, it can be complemented by transient expression of NIK but not by MEKK1 overexpression (36) .
A major problem in sorting out the exact physiological functions of these and other MAPKKKs is the difficulty in detecting considerable changes in their enzymatic activity in response to cell stimulation by using conventional immunoprecipitation experiments. This deficiency can be overcome by genetic experiments similar to those that established the function of the yeast MAPKKK STE11 in three distinct MAPK cascades (38, 39) . Although we will have to await the results of gene knockout experiments in which the activities of NIK and MEKK1 are selectively abolished, similar experiments conducted with components of the TNF-RI response pathway clearly support the earlier conclusion (10) that the pathways leading from this receptor to either JNK and AP-1 or IKK and NF-B diverge at the level of TRAF2 and RIP (Fig. 1) . Cells established from TRAF2 knockout embryos are defective in JNK activation in response to TNF, while exhibiting only a slightly retarded NF-B activation response (40) . In contrast, cells derived from RIP knockout embryos are defective in NF-B activation, while exhibiting a normal JNK activation response (41) . As MAPKKKs, like MEKK1 and NIK, are thought to act downstream to TRAF2 and RIP rather than upstream to them, it is unlikely that they play equal roles in transducing signals generated by TNF-RI activation to transcription factors. It is also possible that neither MEKK1 nor NIK are involved in TNF signaling. After all, the MAPKKK family contains many other members in addition to these two usual suspects.
